This paper addresses theoretical and experimental work on thickness-mode electromechanical (E/M) impedance spectroscopy (EMIS) of proof-mass piezoelectric wafer active sensors (PMPWAS). The proof-mass (PM) concept was used to develop a new method for tuning the ultrasonic wave modes and for relatively high frequency local modal sensing by the PM affixed on PWAS. In order to develop the theoretical basis of the PMPWAS tuning concept, analytical analyses were conducted by applying the resonator theory to derive the EMIS of a PWAS constrained on one and both surfaces by isotropic elastic materials. The normalized thicknessmode shapes were obtained for the normal mode expansion (NME) method to eventually predict the thickness-mode EMIS using the correlation between PMPWAS and the structural dynamic properties of the substrate. Proof-masses ofdifferent sizes and materials were used to tune the system resonance towards an optimal frequency point. The results were verified by coupled-field finite element analyses (CF-FEA) and experimental results. An application of the tuning effect of PM on the standing wave modes was discussed as the increase in PM thickness shifts the excitation frequency of the wave mode toward the surface acoustic wave (SAW) mode.
Introduction
Piezoelectric wafer active sensors (PWAS) are light-weight, inexpensive, unobtrusiveand minimally intrusive sensors requiring lowpower (Giurgiutiu, Bao, and Zhao 2001) . PWAS are made of piezoelectric ceramic with electric field polarization across the electrodes deposited on both surfaces. They haverecently been extensively employed in many applications for insitu structural inspection in fields such as nuclear plants, structural health monitoring (SHM) and nondestructive evaluations (NDE). The SHM methods include techniques through guided wave generation/transduction and electromechanical impedance spectroscopy (EMIS). EMIS techniques where PWAS are employed asresonators are used to generate standing waves in thelocal field of a substrate structure. The EMIS method has been utilized to determine the local dynamic characteristics of a PWAS bonded on a host structure for insitu ultrasonics. , Zagrai and Giurgiutiu 2001 utilized the EMIS method for high frequency local modal sensing. EMIS data can be mainly acquired in two modes:in-plane and out-of-plane (thickness).
Many rigorous researches on the thickness (out-of-plane) mode theory have been conducted for piezoelectric crystal and ceramic resonators. Tiersten (1963) presented a pioneering work to develop the analytical solution for the thickness vibration of an anisotropic piezoelectric plate. He used the resonator theory with traction-free T=0 boundary conditions at surfaces of a plate. The analytical in-plane impedance for piezoelectric ceramic transducers such as PWAS has been developed by Giurgiutiu and Zagrai (2000) . One-and twodimensional in-plane E/M impedance models for free PWAS and constrained PWAS were derived to model the dynamics of PWAS and substrate structure in terms of EMIS. They assumed the constant electric field to derive the in-plane EMIS. Another EMIS modeling of PZT actuator-driven active structures wascarried out by Liang, Sunand Rogers (1996) in the low frequency range up to 650 Hz in in-plane mode. Park (2014) analytically investigated the EMIS of piezoelectric transducers bonded on a finite beam from the perspective of wave propagation. The analytic solutions of flexural waves were derived for a coupled PWAS-infinite beam. Then the concept was used for a finite beam in a relatively low frequency range. Annamdas and Radhika (2013) also derived an E/M admittance model for PWAS bonded on metallic and non-metallic host structures in relatively high frequency range up to 500 kHz. Park etal usedimpedance-based health monitoring to interrogate a bolt-jointed pipeline system (Park et al 2003) in a range up to 100 kHz and they also monitored the curing process of concrete structures in arange between 100 kHz-140 kHz. Many other researchers have recently applied the in-plane EMIS method for dynamically monitoring the smart structures in different materials and forms (Annamdas et al 2013, Brus 2013 , Cheng and Wang 2001 , Park et al 2012 , Pavelko 2014 , Peairs et al 2003 , Rugina et al 2014 . For high the frequency band in the range of MHz, the analytical study for the thickness mode of PWAS-EMIS was performed by . They aimed to extend the EMIS model of a constrained PWAS at high frequencies (up to 15 MHz). The authors utilized the constant electric displacement assumption used in the literature (IEEE Ultrasonics 1987 , Meeker 1972 ) and solved the piezoelectric constitutive equations for the thickness mode.
Since the 1980s, the proof-mass (PM) concept has received considerable attention especially regarding vibration suppression control by (Griffin et al 2013 , Zimmerman andInman 1990 . PM actuators have been provided for structural vibration control problems with respect to a broad range of applications. The PM actuator has been modeled as a mass bonded to a structure with dynamic stiffness and internal damping. The effectiveness of the PM actuator depends strongly on how precisely it is tuned.
However, in the literature, PM actuators have been developed mostly for flexible structures vibrating in a relatively low frequency band at a magnitude of 100-1000 Hz whereas PWAS needs to work at in the high frequency range at a magnitude of MHz. first adopted the proof-mass concept to develop the theoretical basis of proof-mass PWAS (PMPWAS) resonators. The authors derived the frequency response function of PMPWAS resonators and conducted an analytical parametric study for the effect of the proof-mass height on the frequency response function and the displacement amplitude prediction. The effect of the thickness variation on the proof-mass ofthe thickness-mode resonance frequency was noticed. Further study was conducted to develop the thickness mode EMIS for PMPWAS and finite element/experimental validation in their work .
However, the analytical thickness-mode EMIS of PMPWAS has not yet beendeveloped by using the normal mode expansion (NME) method. In the current study, the further development of an analytical EMIS model for PMPWAS has been performed by using the NME method. NME was utilized to derive the frequency response function and the dynamic structural stiffness ratio for the 1D thickness mode EMIS model of PMPWAS. The analytical analyses began with PWAS under constrained boundary conditions; simplified two-layered and three-layered piezo-resonators were modeled using the resonator theory. The three-layered resonator model included a PWAS in the center and two isotropic elastic bars bonded on both surfaces of the PWAS; whereas in the two-layered resonator model, PWAS was only constrained on one surface. These two-layered and threelayered piezo-resonator models are used to obtain the resonance frequencies for the NME method. The global matrix method (GMM) was employed to carry all the information from each layer regarding the material properties, geometric properties, as well as the boundary conditions into the eigenvalue problem. GMM was also utilized to solve the eigenvalue problem of the two-and three-layered PMPWAS models for the eigenvectors and the corresponding eigenfrequencies. Eigenmodes were determined for the NME method to predict the thickness-mode impedance values of PMPWAS using the correlation between a proof-mass-piezoelectric transducer and the structural dynamic properties in the substrate structure. Essentially, the models were used to build the basis for the PMPWAS tuning concept.
In order to explain the PM thickness change effects on the thickness-mode impedance, EMIS for free PWAS in thickness mode first needs to be understood. Therefore the following section presents the thickness-mode EMIS development for free PWAS. The study is then followed by proofmass analysis to investigate the desired control objectives (such as the tuning of wave modes) using the correlation between a PMPWAS transducer and structural dynamic properties in the substrate structure. Proof-masses shift system resonance towards an optimal frequency point. The coupledfield models for the PMPWAS and bonded PMPWAS on a substrate structure are also numerically generated in a commercial multi-physics finite element analysis software, ANSYS®. The thickness-mode EMIS results from analytical, numericaland experimental analyses are presented. The analytical models are verified by the computational and experimental results.
Thickness-mode EMIS of a free PWAS
In this section, the behavior of a free PWAS in out-of-plane (thickness) mode will be addressed by considering a PWAS of length l, thickness Hand width b, undergoing thickness expansion, u 3 , induced by the thickness polarization electric field, E 3 . The electric field is produced by the application of a harmonic voltage V t Ve i t ( )= w between the top and bottom surface electrodes as shown in figure 1 . The resulting electric field in the thickness mode, E 3 =V/H, is assumed non-uniform with respect to the axis in thickness direction
/ as opposed to the longitudinal mode. However the electric displacement, D 3 , is assumed uniform in the thickness direction.
Since the axial vibration in the thickness direction is assumed to be non-perturbed by other lateral modes because the lateral sizes are assumed to be much greater as compared to the thickness size of PWAS
where H denotes thickness, b the width, and l denotes the length of PWAS (figure 1). Because of this relation between the sizes of PWAS, the thickness motions are decoupled from width and length motions. Thus, from Gauss' law, due to no free charge inside the transducer, the electrical charge density, i.e. electric displacement, can be assumed to be constant throughout the polarization direction and the gradient of the electric displacement becomes zero (∂D/∂x 3 =0) (Auld 1973) .
The direct piezoelectric effect predicts how much electric field is generated by a given mechanical strain S 3 . This sensing effect is utilized in the development of piezoelectric sensors. The converse piezoelectric effect predicts how much mechanical stress is generated by a given electric charge density. This actuation effect is utilized in the development of piezoelectricinducedstrain actuators. The analytical analysis starts with the general piezoelectric constitutive equation (1) (IEEE Ultrasonics 1987) expressing the linear relation between stress-strain and stress-electric displacement in thickness mode: b is the dielectric constant. The thickness-mode EMIS for PWAS under stress-free boundary conditions is derived and validated by .
In equation (2), note that the impedance is purely imaginary and consists of the capacitive impedance, 1/iωC 0 , before it is modified by the effect of piezoelectric coupling i C cot 
The internal damping is implied in both free (the boundaries are unbounded) and constrained PWAS cases of the thickness mode in order to determine the impedance and admittance results assuming η and δ are 2%. The admittance and impedance become complex expressions 
-. The measurement of the intrinsic EMIS was performed with an HP 4194A impedance phase-gain analyzer. For free PWAS EMIS test, a test fixture was used for measuring the intrinsic EMIS of the PWAS. We used the fixture apparatus to provide the stress-free boundary condition in the experimental setup figure 2. The PWAS was centered on a bolt head and held in place with a probe tip. Thus, the PWAS could vibrate freely. The terminals of the impedance analyzer were connected to the other end of the probe and the metallic base of the apparatus. The PWAS sample was excited by 1V and scanned over a predetermined frequency range of high frequency band (up to 15 MHz) and recorded in terms of the complex impedance spectrum. A LabVIEW data acquisition program was used to control the impedance analyzer and sweep the frequency range in steps of 1 kHz. Eventually, the complex thickness mode E/M impedance was calculated and its verification using the real part of the complex impedance results is presented in figure 3 by comparison with the corresponding experimental result. The piezoelectric material properties presented for APC 850 in table 1 were used for the calculation of the E/M impedance in thickness mode.
Thickness-mode EMIS of a PWAS constrained by structural stiffness
The analysis of a constrained PWAS is essential for the analysis of the PWAS as a structural modal sensor. When affixed to a structure, the PWAS is constrained by the structure and its dynamic behavior is essentially modified. The PWAS E/M impedance will closely follow the dynamics of the structure and the PWAS becomes a sensor of the dynamical modal behavior of the structure.
In this analytical model, PWAS is assumed to be constrained by structural stiffness as seen in figure 4 . The relations of the four piezoelectric constants to each other are in thickness mode (Berlincourt, Curran andJaffe 1958) . IEEE Standard on Piezoelectricity (IEEE Ultrasonics 1987) provides other relations to alternate the forms of the constitutive equations. In our model, the overall stiffness applied to the PWAS has been split into two equal components applied to the PWAS surfaces.
Mechanical response
In this subsection, derivation of the mechanical response of a free PWAS is performed in terms of the particle displacement amplitude and the strain amplitude by utilizing the resonance theory. The resonance theory begins with the wave equation. g w = / the particle displacement amplitude u 3 is given by
Thus, the displacement amplitude is
The boundary conditions in terms of stress are given forboth the lower and upper surfaces of PWAS respectively as
is substituted into the actuation constitutive equation (1)(a) and the coefficients, C 1 and C 2 , are to be determined from the boundary conditions (8) on the PWAS surfaces that balance the stress resultant with the spring reaction force k u str 3 . 
= / as a function of PWAS surface area A, the stiffness coefficient c , D 33 and PWAS thickness, the stiffness ratio is defined as r=k str /k PWAS , the wave solution is rearranged in terms of displacement using the ratio and it yields the linear system in terms of C 1 and C 2 by implying the boundary conditions into the general solution and upon rearrangement by using 
Using the trigonometry identity, sin 2 j t +cos 2 j t =1, for simplificationwe obtain the mathematical statements for the coefficients 
we eventually obtain the strain amplitude
Electrical response
In this subsection, we present the derivation procedure of the electrical response and eventually the coupling between the mechanical and the electrical response using the sensing constitutive equation and introducing the electromechanical coupling coefficient in thickness mode. The electromechanical impedance response of a constrained PWAS is derived by the ratio of the voltage V to the current I.
The second constitutive equation takes the following form upon substitution of equation (12) ( ) 
and equation (13)(b), we obtain I=iωD 3 bl and substitute voltage expression (16) and electrical current equation into the impedance Z=V/I and substituting the capacitance of the material C bl H ,
we get the electromechanical impedance equation for constrained PWAS in thickness mode.
This constrained PWAS-EMIS equation for thickness mode involves the stiffness ratio r as a difference from the free PWAS-EMIS in thickness mode. The following section discusses the procedure to derive the stiffness ratio along with the EMIS. 
Thickness-mode EMIS of PMPWAS
This section introduces a theoretical framework for a twolayer resonator model including a PWAS and one isotropic elastic bar. The following assumptions were made for the two-bar piezo-resonator model as shown in figure 5 . First, the geometry and the cross-sectional area of the layers are the same although they have different materials and different thicknesses. Second, PWAS is assumed to be perfectly bonded to the isotropic elastic bar. The model shown in figure 5 can be used to develop an analytical solution to obtain the resonance frequencies essentially to build the basis for the PMPWAS actuator. The global matrix is derived for the two-layer model. The matrix elements are currently functions of the wave number. The wave numbers for the aluminum layer and the PWAS layer are the fractions of the angular frequency with the wave speed in aluminum and with the wave speed in the piezoelectric material respectively, γ a =ω/c a , γ p =ω/c p . An eigenvalue problem with respect to the new PM-PWAS problem is solved. The derivation of the global matrix begins with the general wave equation solution for the first layer that can be determined as 
where u a is the displacement for the isotropic elastic material on the left-hand side.Similarly, the displacement, u p , for PWAS can be determined. 
Linear Hooke's law applied to determine the stress-strain constitutive equations using the product of elastic modulus, E a and the strain S a ; similarly the product of E p and S p . The strain-displacement relation, S 3 =∂u 3/ ∂x 3 , for each layer in the 1D two-bar resonator problem. The stress equations T a and T p were determined in a similar manner, i.e. 
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Two unknown coefficients in each stress equation exist and four unknown coefficients (C 1, C 2, C 3 and C 4 ) in total therefore four boundary conditions should be implied to the general wave solutions to obtain the solutions of the wave equations in terms of the displacement mode shapes and the frequency responses at structural resonances for different modes.
Eigenvalue problem
The stress and displacement boundary conditions to be imposed are; stress-free boundary conditions at free ends, stress continuity and displacement continuity conditions at the interface. For instance, the stress is zero at the bottom surface of the aluminum layer and expressed as 
We apply the stress continuity at the interface (x 3 =y 2 ) between the PWAS layer and the proof-mass layer and obtain 
The stress-free boundary condition also applies at the upper boundary of the PWAS layer 
The linearly dependent equation system was determined by implying the boundary conditions in a global matrix (GM) form to provide a solution of the eigenfrequencies and to eventually obtain the four eigenvectors (the displacement amplitudes) by solving equation (25). The determinant of the global matrix A 4×4 must equal to zero to have a non-trivial solution for the displacement amplitudes. Then one can say that the global matrix is apparently a singular matrix and it does not have a unique solution. Therefore, we can find the basis of the eigenvector by assuming one of the unknowns is one i.e. C 4 =1. This assumption helps us obtain A 3×3 non-singular matrix simply excluding the 4th row that no longer represents an independent equation. The 4th column of the global matrix is moved to the right-hand side of the equation to eventually obtain a non-trivial basis of the solution for the unknown constants.
Normalized mode shapes
The next step is the verification of orthogonality of the mode shapes. The mass-weighted integral was used to verify the orthogonality of the mode shapes and to find the modal mass factor, m i of each mode to scale the mode shape amplitudes. For the two-bar resonator problem, it takes the following form:the surface area, A, is omitted since it is equal for each layer in this problem. The NME theorem combines the natural modes satisfying the free-vibration equation of motion and the orthogonality conditions with respect to mass and stiffness and factorizes the sum of the natural modes by the modal participation factors in terms of the modal mass or the modal stiffness factors. The normalized mode shapes are substituted into the frequency response function (FRF) equation that was derived through the NME method to obtain the FRF to the single input-single output (SISO)excitation applied by the PWAS. 
The SISO FRF is the same as the dynamic structural compliance seen by the PWAS modal sensor placed on the structure. The dynamic structural stiffness is the reciprocal of the compliance (28) to calculate the frequencydependent stiffness ratio, r(ω)=k str (ω)/k PWAS . The impedance model shown in equation (17) for constrained PWAS in thickness mode is derived in section 3 by using the resonator theory under constrained boundary conditions and constant electrical displacement, D 3 . The coefficients defined in the procedure can be adjusted by the GMM that conveys the new boundary conditions into the FRF through the NME method and then substituted into the thickness mode EMIS equation for constrained PWAS by the stiffness ratio.
Standing and propagating wave mode shape analyses
The standing wave analysis uses the axial wave approximation across the thickness of PWAS and the aluminum platelike structure that hosts the PWAS. The mode shapes at certain thickness mode resonance frequencies are shown in figure 6 (b). The phase velocity dispersion curves for the fundamental guided wave modes as well as the higher order guided wave modes such as quasi-Rayleigh mode in an aluminum plate are presented in figure 7 in the range up to 4 MHz.mm. The guided wave analysis uses the Lamb wave (superposition of axial and flexural wave approximation) propagating in a plate as seen in figure 8 . The mode shapes across the thickness of the aluminum plate structure are simulated through the graphical user interface name Wavescope that was developed in MATLAB® by (Bao 2003) . The mode shapes at certain thickness mode resonance frequencies are shown in figure 9. Considering the mode shapes from both standing and guided wave analysis, the similarity between the first standing axial wave mode shape and the S0 mode shape is obvious because the S0 mode is non-dispersive-like axial wave at 1.19 MHz. However, the similarity occurs at 2.49 MHz between the second thickness mode shape and the A0 mode since the A0 mode is predominant having much higher displacement amplitude than that of the S0 mode. The A0 mode also becomes non-dispersive as the structure is excited at the second resonance frequency. At the third thickness mode, since A0 is predominant and non-dispersive, the resemblance still occurs between the A0 mode shape and the third thickness mode shape. The aluminum plate is actually excited in the quasi-Rayleigh wave (QRW) region as the excitation frequencies are at the second and third thickness mode resonance frequencies.
Thickness-mode EMIS of constrained PM-PWAS
This section introduces a theoretical framework for a threebar resonator model including a PWAS and two isotropic elastic bars bonded on both surfaces of the PWAS. The following assumptions were made for the three-bar piezo-resonator model. First, the geometry and the cross-section area of all three layers are the same although they may have different materials and different thicknesses. Second, the two isotropic bars are assumed to be perfectly bonded to the PWAS. The model shown in figure 10 can be used to develop an analytical solution to obtain the resonance frequencies essentially to build the basis for the EMIS of constrained PMPWAS.
The similar displacement and stress boundary conditions at the free surfaces and the interfaces are implied to solve the wave equation for three layers as implied in subsection 4.1 for twolayers. In order to solve it, six boundary conditions need to be imposed to solve for six unknown coefficients. These six boundary conditions are as follows; the stress-free boundary condition at the free lower surface of the first isotropic layer, the stress continuity and the displacement continuity conditions at the interfaces and the sixth boundary condition is again the stress-free boundary condition at the free boundary of the proof-mass layer. The linearly dependent equation system was determined by implying the boundary conditions in equations (29)- (34) and presented in a GM form to provide a solution of the 
The elements of the global matrix (35) are discretized in each box corresponding to one of the three layers. The elements in the left box are from the substrate material, those in the middle box are from the PWAS layer, and those on the right are from the proof-mass layer. The matrix elements are currently functions of the wavenumber. They can be converted to functions of frequency by the wave number frequency relations, γ a =ω/c a , γ p =ω/c p , γ b =ω/c b.
An eigenvalue problem with respect to the new threelayered resonator problem is solved in a similar manner described in the previous eigenvalue problem subsection in order to turn the singular matrix into a non-singular matrix. Therefore, the basis of the solution for the six eigenvectors can be found at each corresponding eigenmode. Then, the modal participation factor is obtained throughverification of the orthogonality of the mode shapes by the mass-weighted integral method. The normalized mode shapes (figure 6) are determined by the calculated participation factor for each mode.
The overall procedure is shown in the flow-chart (figure 11) and can be pursued for both EMIS models. The only difference is the global matrix as seen in equations (25) and (35) as defined for the two-bar and three-bar resonator Figure 11 . Flow chart of the 1D analytical thickness mode EMIS for PMPWAS. models respectively. In the analytical E/M impedance calculations, the internal damping of PWAS is assumed to be 5% whereas the structural damping of the substrate material is 1%.
EMIS results of PMPWAS (two-layered resonator)
The results obtained from the analytical prediction of the E/M impedance are presented. The thickness-mode EMIS simulation results from the analytical PMPWAS models are compared with the 2D numerical simulations and the EMIS measurements from the corresponding specimens for validation. For the EMIS calculations, the piezoelectric material properties shown in table 1 are used. The internal damping of PWAS is assumed to be 2% whereas the structural damping is 1% and the thickness-mode electromechanical coupling coefficient κ 33 is 0.42. It is noticable that at higher thickness mode overtones, the impedance results agree reasonably well in comparing the analytical thickness mode EMIS model of PWAS with the corresponding CF-FEA and experimental results.
CF-FEA verification
ANSYS multi-physics software with the implicit solver is used to obtain EMIS computation in thefrequency domain. To perform the coupled-field analysis of PWAS transducers, coupled-field piezoelectric elements which could represent both mechanical and electrical fields can be used so that the stress field and electric field are coupled and change in one field will induce change in the other field of the piezoelectric materials. The coupled-field finite elements used in our analysis are the 2D coupled-field solid elements (PLANE13) that have fournodes with up to sevendegrees of freedom (DOF) including electric voltage as another DOF when used for piezoelectric analysis; the electric voltage can be added in addition to the displacement DOF. A PWAS of dimension 7×0.2 mm 3 was modeled. The APC 850 material properties were assigned to the PWAS as follows. , the dielectric matrix, and [e p ], the piezoelectric matrix are determined as in the numerical simulations for free PWAS-EMIS presented in the article . The density of the PWAS material is assumed to be ρ=7700 kg m −3 . The aluminum beam dimensions are 100 mm×0.8 mm and the PWAS 7 mm×0.2 mm. For a plane strain analysis, only a longitudinal section of the specimen and PWAS were analyzed; hence a 2D meshed CF_FEA model was generated which reduced considerably the computational time. The 2D plane element PLANE42 is used for the aluminum beam; this element has fournodes and twoDOF at each node. The 2D plane element PLANE13 is used to model the PWAS using the coupled-field formulation. Then, the impedance spectrum up to 15 MHz was calculated.
2D CF-FEA model is used to validate the corresponding analytical model however some discrepancies between the analytical PWAS-EMIS and CF-FEA PWAS-EMIS are visible for the thickness mode peak as can be seen in figure 13 . Small differences at high frequencies are expected between the analytical and the numerical responses due to the simplifying assumptions made in the 1D analytical analysis.
Experimental verification
An HP 4194A impedance analyzer was used for the experimental analysis. The impedance analyzer reads the E/M impedance of PWAS itself as well as the insitu E/M impedance of PWAS attached to a specimen. It is applied by scanning a predetermined frequency range in the high frequency band (up to 15 MHz) and recording the complex impedance spectrum.
For the first experiment, a square PWAS was installed on analuminum rectangular 5 mm×7 mm×1 mm substrate and impedance measurements for the constrained PWAS specimen were conducted and the results were plotted. The thickness anti-resonance peaks that come from the substrate material appear at around 4.2 MHz, 7.2 MHzand 10.2 MHz as well as the anti-resonance peak that comes from the PWAS itself at around 11.8 MHz as seen in figure 14(b) .
The number of the thickness mode resonance peaks was predicted by the analytical thickness mode impedance model for the constrained PWAS. In the comparison by superimposing the plots of the real parts of E/M impedance from analytical calculation and experimental readings, the agreement is somewhat acceptable except for some discrepancy on the third impedance spectra. The first experimental thickness mode impedance reading is difficult to distinguish from the in-plane mode impedance spectra therefore it is hardly possible to compare the first thickness mode impedance spectrum prediction with the experimental reading. However, the second and third thickness mode E/M impedance predictions are in good agreement with the experimental EMIS measurements.
To verify the analytical model, another test is conducted with a different specimen. The specimen with the PWAS bonded on acircular aluminum plate (figure 15) is measured for EMIS. The spectra from the corresponding size change in the analytical model and the experiment of the constrained PWAS are compared for out-of-plane EMIS in the high frequency range. The comparison of the normalized results is seen in figure 16 for 0.2 mm-thick Ø7 mm circular PWAS bonded in the center of a 1 mm-thick aluminum circular plate with adiameter of 100 mm. Due to the radial symmetricity and larger substrate plate, the impedance measurements resulted in a very clear spectrum in both the in-plane and out-of-plane regions. The first thickness mode peak is more distinctive compared to the previous experimental in-plane mode spectrum. The agreement at the first thickness mode impedance in terms of anti-resonance frequency is somewhat good. Thickness mode overtones are also well-predicted. However, the discrepancy increases slightly at the higher thickness modes. Thus, the 1D model can be definitely relied upon to predict and distinguish the first thickness mode impedance that usually appears to be among the in-plane modes.
In another experimental setup, a large aluminum plate with length of 1m, width of 300 mm and thickness of 2.1 mm was employed. A 7 mm×7 mm square PWAS resonator is bonded in the center of the plate as seen in figure 17 to acquire EMIS data. In this experimental analysis, the effect of the thickness of the plate to tuning the standing and propagating guided wave mode was observed in the experimental EMIS result shown in figure 18 . The relatively thick plate assisted to obtain a clear trend in the impedance spectra so that it could be easily predicted by the analytical prediction that uses the axial wave mode approximation in the model. Therefore, one can presume that the standing wave modeused to excite the local structural vibration-resembles the axial wave mode that is a non-dispersive wave mode, i.e. the wave speed is not a function of frequency. This wave mode may be a quasi-Rayleigh wave mode that appears usually in thick structures and may allowthis clear trend in the high frequency region ).
This conclusion is drawn from the experiment with PWAS constrained on its one surface by 2.1 mm-thick aluminum plate; the increase in the thickness of the substrate structure could shift the frequency-thickness product upward and therefore downshift the frequency region where the quasiRayleigh wave mode is excited. Thus, this is also true with the proof-mass thickness increase, which can be considered to be the same approach to tune the desired wave mode and reject the undesired wave modes for the thickness-mode EMIS of PM-PWAS. This surface acoustic wave (SAW) tuning is discussed in more detailin ). The following section shows a numerical analysis to depict the impedance downshift in spectra by adding PM and increasing its thickness (weight) and the agreement between the 1D analytical model and 2D CF-FEA model for the thickness-mode constrained PMPWAS-EMIS at the first four thickness mode anti-resonance frequencies.
EMIS results of PMPWASsubstrate (three-layered resonator)
The results obtained from the analytical prediction of the E/M impedance are presented. The thickness-mode EMIS simulation results from the analytical PMPWAS models are compared with the 2D numerical simulations and the EMIS measurements from the corresponding specimens for validation. For the EMIS calculations, the piezoelectric material properties shown in table 1 are used. In the analytical simulations, the internal damping of PWAS is assumed to be 2% whereas the structural damping is 1% and the thickness mode electromechanical coupling coefficient κ 33 is 0.42.
CF-FEA verification
ANSYS multi-physics software with the implicit solver is used to obtain EMIS computation in the frequency domain using the model shown in figure 19 . The coupled-field finite element analysis (CF-FEA) is conducted for constrained PM-PWAS EMIS to visualize the anti-resonance frequency shifting phenomena in thickness mode due to the thickness variation, i.e. weight variation, of the proof-mass in the threelayered PM-PWASsubstrate structure. E/M impedance is plottedas the proof-masses incline from no mass up to 0.15 mm PM height. Each overtone frequencyisanalyzed and each is obviously confirmed in the monotonic frequency shift as shown in figure 21 . The EMIS results are obtained from CF-FEA to verify the analytical model in this example. The same four configurations are employed in the numerical model. We observe that the impedance peaks harmonically increaseas overtones and the overtones appearat nearly the same anti-resonance frequencies. The decreasein both analytical and FEA results is depicted as the PM height increases for each overtone peak.
In figure 20 , the phenomenological agreement between the CF-FEA and analytical PMPWAS-EMIS simulation is clearly seen. The downshift at the thickness mode anti-resonance frequencies occurs as the PM is added and its thickness increases. The agreement becomes better especially at the first and second thickness modes as seen in figure 21 after the planestrain assumption is applied in the analytical model.
Experimental verification
The EMIS experiments for the square PM-PWAS bonded in the center of a 1 mm-thick circular aluminum plate are performed and focused on the frequency region where the thickness mode anti-resonance peaks appear. Figure 20 shows the EMIS results for proof-mass thicknesses of 1mm and 2 mm overlapped so that an increase in the peak number can be observed as the proof-mass thickness increases. One can see the additional peaks at around 5.5 MHz and 8.2 MHz and other additional peaks appear due to the PM thickness increase.
For the proof-mass-PWAS-aluminum substrate model, the theoretical calculation of the real part of impedance (ReZ) is compared with the experimental measurement of ReZ in figure 23 and the numerical results are also presented in table 4. EMIS of PMPWAS on aluminum substrate, assuming perfect bonding without adhesive layers, is illustrated. The results are presented for a PM height of 1.5 mm and the lateral sizes are in 7×7 mm 2 for both aluminum PM and 1 mm-thick host structure. The impedance peaks were Figure 22 . Experimental PM-PWAS EMIS results for 1mm-and 2 mm-thick PM; square PM-PWAS is bonded in the center of 1 mmthick circular aluminum plate 100 mm in diameter.
shifted further down with the existence of proof-mass so that the first and the second thickness modes show up among the in-plane modes and are not distinctive in the experimental spectrum. Thus, we cannot evaluate whether the prediction of the analytical EMIS model is good for both the first and second thickness mode peaks. However, the following three peaks appear to be well predicted. The sixth peak has around 10% error that is somewhat acceptable and the seventh peak is almost perfectly predicted. Afterward, there is one extra peak that shows up in the analytical spectrum. However, the last two peaks at around 9 MHz and 10 MHz are also well predicted in terms of the impedance frequency. Overall, for the three-layered proof-mass-PWAS-substrate model, the experimental results were somewhat well predicted by the analytical EMIS model.
Summary and conclusion
A new type of PM transducer has been designed to generate the desired wave mode through the PM tuning method in a plate-like substrate. For this purpose, a theoretical framework is established for thePMPWAS transducer and validated by CF-FEA models and the experimental work on thicknessmode EMIS of PMPWAS constrained on one and both surfaces by isotropic elastic materials is carried out. The PM concept is used to develop a new method for proper high frequency local modal sensing in afrequency range of MHz by the PM affixed on PWAS of different sizes and materials to tune system resonance towards an optimal frequency point. The normalized thickness mode shapes are obtained for the NME method to eventually simulate the thickness-mode EMIS of PMPWAS and PMPWASsubstrate plates using the correlation between PMPWAS and the structural dynamic properties of the substrate. The analytical models for the thickness mode EMIS of free PWAS, PMPWASand the constrained PMPWAS were verified by numerical CF-FEA simulation results as well as by the experimental results. The coupled-field finite element analysis (CF-FEA) is conducted for constrained PM-PWAS EMIS to visualize the anti-resonance frequency shifting phenomena in thickness mode due to the thickness variation, i.e. weight variation, of the proof-mass in the three-layered PM-PWAS-substrate structure. This phenomenon was experimentally verified. The EMIS results for proof-mass thicknesses of 1 mm and 2 mm were presented so that the obvious increase in the peak number, i.e. frequency downshift, was observed as the proofmass thickness was doubled.
An application of the tuning effect of PM is discussed as the PM thickness change shifts the excitation frequency of the wave mode toward the SAW mode. Thus, the PM concept can be used for relatively thick or dense substrate materials to tune the quasi-Rayleigh wave mode. PM also results in a downshift at the local resonance frequency of PMPWAS so that the thickness mode PMPWAS-EMIS signature becomes easily predictable by using the standing axial wave approximation. TheQRW trend over frequency and the distinguishability of the dominating wave packet are promising features that easepredictability and signal processing. The higher frequency band where QRW packets appear is observed. Therefore, it gives the advantage of having the QRW mode as a standing wave in local thickness mode Figure 23 . Comparison of analytical and experimental EMIS of 1.5 mm×5 mm×7 mm aluminum proof-mass bonded on 0.2 mm×7 mm×7 mm PWAS bonded on 5 mm×7 mm×1 mm aluminum substrate. Since the dominating QRW resembles to the axial wave (as in the low frequency region) which has a constant wave speed with respect to frequency, the prediction of the E/M impedance signature of the local structure in thickness mode becomes easier in the QRW region. As seen in the dispersion curves for PWAS ideally bonded on aluminum substrate, other wave modes such as first symmetric (S0) and antisymmetric (A0) Lamb wave modes do not interfere in a certain frequency band.
